ot

G L

‘?t&s!:-&s‘

Tyt g CodaS g B AT e S f?'n’:"f".—wr?i'i BART . ol s T

e T gy %) 2
= w > ) . s - ~ .
P et wpstresmiyibmn TP wos o Gl

NASA CR- 159442
AiResearch 31-2936

(NASA-CR-159447; MINI-BRU/BIFS FOI1 BEAL. NG NT79-11407

DEVELOPMENT Frogress Report, 1 Jan. 1978 -

30 Jan. 1978 (AiResearch Mfg. Co., Phoenix,

Ariz.) 150 p BC A07/MF AOQ1 CSCL 13E Unclas
63737 37177

MIN!-BRU/BIPS
FO!L BEARING DEVELOPMENT

by F. X. Dobler and L. G. Miller

AIRESEARCH MANUFACTURING COMPANY OF ARIZONA
A DIVISION OF THE GARRETT CORPORATION

Phoenix, Arizona

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

NASA Lewis Research Center
Contract NAS3.18517

R T i

AL e Ve Y v

Tw, T T s m. ko

B T PP L LY S

s



——

I N O O T O S S B B RN SRR /R B

ey~

1 Report No 2 Government Accession No. 3 Recipient’s Catalog No
NASA CR-159442
4 Titie and Subtitle 5. Report Date |

August, 1978

ini- i i lopment
Mini-BRU/BIPS Fcil Bearing Develop 6 Pertormms Orgamzanon Gode

7 Author(s) 8. Performing Organization Report No ‘ z
F.X. Dobler and L.G. Miller 31-29136 ’%
10. Work Unit No g
9. Performing Organization Name and Address f ‘
AiResearch Manufacturing Company of Arizona E'{
Phoenix, Arizona 85010 11. Contract or Grant No i)
NAS3-18517 g
13. Type of Report and Period Covered (
12. Sponsoring Agency Name and Address Contractor Report 1 Jan 78- :
NASA Lewis Research Center P 30 Jan 78
210C0 Brookpark Road 14. Sponsoring Agency Code | :

| Cleveland, Ohio 44135 |

15. Supplementary Notes

. Program Manager, J.H. Dunn
" NASA Lewis Research Center

1A T TR A . ) 55 020 T N

16 Abstract

This report covers the development testing of the Mini~BRU Teflon coated foil journal
bearings conducted in support of the DoE Brayton Isotope Power System (BIPS) Phase

I program. This work was an extension of the basic Mini~BRU engine development
program reported in NASA CR-159441.

>,

ity s Tio

Tests conducted with the Mini-BRU in the BIPS Workhorse Loop (WHL) during November
and Decaember, 1977 revealed serious deterioration of the compressor end foil bearing
in relatively short test times.
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Detailed analysis and/or tests were conducted to examine coating temperature effects,

foreign particles, electrical or magnetic effects, low speed motoring, starvation, i X
stagnation, distortion, WHL gas environment, bearing minimum film (design versus &
actual), bearing loads, mechanical design and control and bearing power loss. i

i

The analysis revealed the failure agent to be & combination of poor teflon coating
adhesion, a decrease in bearing sway space and, possibly, lack of flushing flow
through the bearing.
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A change in Teflon coating vendors provided substantially improved coating qual:ty
and surface finish. The sway space was increased and the cooling bleed flow was
adjusted to flush the bhearing.
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These changes were included in a test conducted in the WHT, from 6 April to 22 May
1978 which resulted in the completion of 1006.9 hours of cperation at temperature
and load. Post-test inspection revealed the bearings to be in excellent condition
and capable of completing a much longer test.
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SUMMARY

Tests conducted with the Mini-Brayton Unit (Mini-BRU)
in the DOE Brayton Isotope Power System (BIPS) Workhorse
Loop (WHL) during November and December, 1977 revealed ser-

ious deterioration of the compressor end foil bearing in
relatively short test times.

An exhaustive investigation was conducted to examine
every possible type of bearing failure and determine if
it contributed to the failures.

Detailed analysis and/or tests were conducted to exam-
‘ine coating temperature effects, foreign particles, elec-
trical or magnetic effects, starvation, stagnation, distor-
tion, low speed motoring, WHL gas environment, kearing min-
imum film (design versus actual), bearing loads, mechanical
design and control and bearing power loss.

The analysis revealed the failure agent to pe a combina-

tion of poor Teflon coating adhesion, a decrease in bearing

sway space and, possibly, lack of flushing flow through
the bearing. ‘

A change in Teflon coating vendors provided substan-
tially improved coating quality and surface finish. The
sway space was increased and the cooling bleed flow was
adjusted to flush the bearing.

These changes were included in a test conducted in
the WHL from 6 April to 22 May 1977 which resulted in the
completion of 1006.9 hours of operation at temperature and
load. Post-test inspection revealed the bearings to be

in excellent condition and capable of completing a much
longer test.
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INTRODUCTION

In April, 1977, the first Mini-Brayton Rotating Unit,
shown in cutaway in Figure 1, was conformance tested and deliv-
ered to the DOE for installation and testing in the Brayton
Isotope Power System (BIPS) Workhorsc¢ Loop (WHL). The Mini-BRU
is shown installed in the loop in Figure 2. A detailed
description of the program to develop the Mini-BRU is pre-
sented in Reference 1. At the time of delivery no hot test-
ing had been performed on the unit. It was the intent of
the DOE BIPS program to integrate the Mini-BRU with a recu-
perator, simulated isotope heat source, ducting and cooler
such that a simulated flight-type system could be tested.

The basic NASA design comprised a Columbium (C-103)
turbine péenum/nozzle assembly with the intent of operating
in a 1600°F turbine-inlet-temperature refractory system.
Concerns over the integrity of the refractory components
and the cleanliness of the system prompted DOE to direct
the fabrication of an all superalloy system as the WHL.

This system was designed and fabricated in August,
1977, the Mini-BRU, now fitted with a Waspaloy turbine plen-
um was installed in the loop in oreparation for system perfor-
mance mapping and endurance testing.

Simultaneously with the loop preparation, testing was
also being continued with the Mini-BRU Simulator Test Rig
(STR). The STR is a bench test rig which simulates the
dynamic characteristics of the Mini-BRU including the alter-
nator and bearing system.

The Mini-BRU utilizes cycle gas lubricated foil bearings.
The journal bearings consist of 8 cantilevered foils wrapped
around the shaft and retained in a housing as shown in Figure
15. The nomenclaute used to represent the bearing is shown
on Figure 50.

The STR tests revealed a possible journal bearing insta-
bility problem at high electrical loads. The problem could
be accentuated by high temperature operation where it was
then expected that an increase in sway space might occur.

A decision was therefore made to remove the unit from the
loop and replace the bearingc with "stiffer" ones. This
modification was accomplished, and the unit was reassembled
into the loop.
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Figure 2. - Mini-BRU Installed in the Workhorse Loop.
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As the system was brought up to speed the Mini-BRU was elec-

trically motored for substantial periods at speeds in the range

of 14,000 to 30,000 rpm to circulate warm gas and aid in uni-

form heating of the loop. The unit became self-sustaining

_ and automatically locked on 3peed and load at a turbine

ﬁéﬂ temperature of less than 800 F. The turbine end bearing
temperature was monitored by a thermocouple attached to

the backside of a foil and reached a maximum of 444°F.

ﬁi On November 2, 1977, WHL operation was initiated.

After 69 hours and 2 minutes of testing had been com- %
- pleted, the unit shutdown on November 8, 1977. Twenty-four
aborted starts were conducted in attempts to bring the unit
back to operating conditions; however, self-sustaining oper-
ation could not be achieved.

The unit was removed from the loop and disassembly
revealed the compressor journal bearing to be severely deter-
iorated. A review of the trend recorder data revealed an
erratic condition of unit electric power output just prior i
to shutdown suggesting internal power absorption.
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- Figure 3 shows the historical and chronological sequence
- of events leading up to this and the subsequent WHL tests.

Examination of the totally failec compresor bearing
and the relatively unscathed turbine bearing suggested that
the long periods of low-speed motoring and perhaps bearing
instability had contributed to the demise of the compressor
bearing. As a result of this diagnosis, tests were conduc-
ted in the STR to duplicate the low speed motoring histo-
gram. In addition, tests anc analyses were conducted on
the Mini-BRU, operating cold, to determine if instability
existed in the rotor/bearing system. These tests proved
negative so another WHL test was attempted with higher rad-
ius of curvature bearings, closer tolerance rotor balance,
and no low-speed motoring.
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Figure 4 provides a listing of pertinent foil bearing
parameters selected for the following several WHL tests
and other builds.

a3 13 STy

Testing with these modifications was initiated in the
WHL on December 21, 1977. The installetion of a multifoil
insulation pack between the turbine backshroud and the tur-
3o 4 bine journal bearing resulteg in a reduction of that bearing
~ temperature from 440° to 350°F., After 3 hours and 30 min-
a utes of testing, a unit overspeed initiated a loop shutdown.

TNy

=
Eop
e

@
- —

s =

N
Booge T

_ -y S ad Bt A3
G ST KRN R e N A S S R/ T T80
.

e i) e
% B LR -2 i
.. P A R i;- § L I




Key Tests

Mini-BRU Confor-
mance Test

5 Hrs At Speed
No Load

Results

Supporting Tests
And Analysis

Resulting MODS To
Mini=-BRU

Bearings Look
O.K.

STR Tests Indi-
cate Instability
With “Thin"

Mini-BRU Journal
Foils Replaced
With Thicker

11-8-77

WHL #l1 Failure

In 52 Hours

12-22-78

Low Speed
Motoring and/
Or Rotor Sta=~
bility Suspect
Slot Fit

Motoring Tests,
Start/Stop Tests
Rotor Stability
Evaluation
Improve Inspec-
tion Techniques
Rcs» Skew, Spring
Rate

Foils Foils
Analysis
 Low Speed Increase R,, Pre-

Test To Monitor
Stability,
Eliminate Low
Speed Motering Tn

WHL, Bettexr Balance

R R

WHL #2 Bearing
Distress in 3

Hours

2-14-78

Suspect Overtem-
perature Over-
load/or Change
In Sway Space
Causing
Instability-Ox-
Electric Arcing~
Or-Coating
Deterioration.
Evidence of Tef-
lon Coating Lack
of Bond

Electrical Arcing
Tests in STR,

Thermal Analysis,
Foreign Particle,
Starvation/Stag-
nation Design

Deficiency (High

Chack Mag. Forces

Uncoated Foil
Tests, Improve
Fabrication and
Inspection Tech=-
niques Skew, R.,
Surface Fin,

Instrument To
Measure Foil,
Carrier, Shaft
Temperatures

Load-Low Film Min)

On Foils and ‘Bars,

WHL #3 Good

Results in 6
Hours

5-22-78

High Temperature
Eliminated As
Suspect:; Thermal
Analysis Shows
0.0008 In
Reduction Of
Sway §pace-Comp
End

HL #4 No Prob~
lem In 1000 Hours

Diagnosis Shown
To Be Correct

a

Failure In "Cold"
Rigs,

New Vendor For
Tef-S Coating
Evaluated,

Indicates Good
Uesign,

Fabrication and
Inspection Tech-
nigues

Unable To Simulate

NASA Beam Analysis

Continue to Improve

'Fontinuity/cround

Probe Installed,
Sway Space
Increased, Bleed
Flow Cooling
Increased, Vaent

Compressor Bearing:

Better Tef~-S Surf.

,Finish, Composi-
‘tion and Closer

Process Control

Continue Tests In
STR and METR To
Simulate Failure
With Tight Sway
Space,

Continue To
Improve Fabrica=-
tion And Inspec~-

tion Techniques

Extended Program
Needed To Verify
Design Margin And
Characterize
Teflon Coating

R S R Yo o s URILIR A 2 T

Figure 3. - Bearing Development Histogram. )
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Review of trend recorder data revealed the load shedding
phenomena to have again occurred. Consequently, the unit
was removed from the loop and disassembled.

Again the compressor-end bearing was found in a seri-
ously deteriorated condition while the “urbine-end bearing
showed only minor wear. Fortunately, the imminent bearing
failure had been caught early, and the bearing pads were
in a condition amenable to mechanical and thermal analysis.

The similarities and differences between the two fail-
ures increased concern to the extent that NASA extended

the Mini-BRU program to provide an extensive bearing investi-
gation,

A summary chart showing the wide variety of topics
examined and the results found ‘s presented in Table I.
That bearing program and the .results and conclusions arrived
at therein are the subject of this report.

During the time period following the November bearing
failure, a major effort was also directed at improving the
method of fabricating the bearings and, equally important,
inspecting the process and the finished product. This effort
resulted in a great improvement in controlling radius of
curvature, edge skew, material composition and thickness,
and overall dimensional control.

Investigation into electrical arcing revealed that
the phenomena could occur under conditions where the bear-
ings were totally lifted off the shaft. This investigation,
however, raised another question, that is, whether the foils
were completely losing contact with the shaft. Electrical
continuity measurements revealed that only a seemingly ran-
dom basis, was totally loss of continuity achieved.

Continuity tests were conducted on the highly success-
ful DC-10 foil bearing machine. With the sensing circuit
on low sensitivity, continuity was apparently lost; however
with high sensitivity, spikes of continuity were observed.
This testing led to the design, fabrication, and install-
ation of a continuity/ground probe for the Mini-BRU.

Subsequently, further detailed thermal analysis revealed
that the compressor-end sway space was reduced at operating
temperature by 0.0008 inch whereas the turbine-end sway
space was reduced by 0.0003 inch. This was judged to be
significant since both bearing failures had involved the
compr :s80r bearing.

Based on the analysis and test results at that date,
another WHL test was scheduled. The design modifications
to the Mini-BRU were as follows:
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: (1) Increased bleed flow for bearing cooling (~50%
3 increase)
(2) Slotted retainer on compressor end journal bear-
ing
’ : (3) Increased sway space:

0.0099 compressor cold (0.0091 hot)
0.0092 turbine cold (0.0087 hot)
(4) Journal foils coated by Crest Coating Co.

- Surface finish 8 rms

S R Ty $ i Elod
’Wﬁ%ﬁ .~.‘§‘~ - ; s BRAGRY R S paga Ty o TR M‘"‘g
4 247 A 4 h . ) R

630°F cure

~ (5) Continuity/qround prébe il

(6) Bearing cavity pressure instrumentation ;i
£ (7) Provision for assuring retainer is always wider E? gg
than foil E% %
F?}, et
: N . . . ‘{:Ii Lk
This test wes ir..iated on April 7, 1978, and was originally Qa;g’
targeted as a 100 hour bearing verification test. The ini- X §§
tial 100 hours were completed and incdications were that ;< é‘
the bearing was perfcrming well: Bearing temperatures re- o
E‘: »

mained absolutely stable throughout the test period.

3]
Sa
Xy

-
¥

A decision was made to continue the test to 1000 hours.
A total operating time of 1006.9 hours was successfully
completeé on May 22, 1978. e

¢‘4

For purpose cf convenience, the details of the devel-
_ opment program in the following sections are arranged accord-
- ing to the type of testing or the major topic.
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zﬁ DETAILED TESTS, ANALYSES AND RESULTS y

@
STR and MBTR Tests

~ During the period 5 January through 20 June 1978, a tests ‘
series was conducted using the Simulator Test Rig (STR)
and a similar rig called the Mini-BRU Test Rig (MBTR).
These rigs as well as the test techniques, objectives and
results are described in the sections which follow.

Simulator test rig (STR). - The STR is shown in Fiqure i
5. The rotating masses and inertial properties of the STR T
are identical to that of the Mini-BRU; thus, it provides
dynamic simulation of the parent machine.

The central portion of the STR consists of a Mini-BRU
alternator stator and housing. An actual Mini-BRU alterna-
tor rotor and a thrust runner are used in the rotating
group. A dummy mass is substituted for the turbine wheel
and an air driven turbine wheel is substituted for the com-
pressor wheel. In the usual mode of operation, compressed
air impinging upon the blades of this turbine wheel drives
the rotating group. The rotor is supported by a complete
bearing system consisting of two journals and a thrust bear-

ing. Bearings and carriers are completely interchangeable
" with Mini-BRU components.

Wi

- The STR is also capable of being electrically motored

(as is the Mini-BRU). 1In the motoring configuration, the
turbine air drive is removed from the compressor end and
- a compressor wheel and diffuser is substituted. This configu-

ration may be operated in air or in an inert gas in a sealed
environmental chamber.

Available S4YR instrumentation permits the monitoring 1
of rotor stability, temperatures, speed, bearing lift off, S
and start c~d stop characteristics. g

The STR provides a close dynamic simulation of the é
Mini-BRU except for the following:

(1) A flow path for air (or other gas in which the
STR operates) is provided in the STR to reach
. both journal bearings. In the Mini-BRU, the region
surrounding the compressor journal bearing is

not served by flowing gas but is dependent upon
conduction for cooling.

v,

w7

13

e sz LR T




Cmemefis e TR at e Seradte R B Sy v S IER RN s ATIUIRMT LR Rl L el WSO SR SR S M

o k]

=S - - ; -

- + Pkt o

»
oF

~-

—

-HTy 3IS3L J03e[NUIS - °G =2BandbIid

ANISHNL GILVINNIS . - _ voiody HOLVNYILTV

a33ds TVvoILIHD

JONVHNANI

d01S-14ViS
Alavis ‘

S1S31 40 AL3IHVA SLINH3d ¢
VILHINI ANV SSVN HOL10H TvNidv ¢
W3ILSAS ONiUvIg € @

S3¥Nivad

HOLVINWIS JINVNAQ

.n-._“—-

gl T HOLVNY3ILTVY

VYNOZINY ‘XINIOHdS
NOIVEOSNDD LITNUVYD INL 40 BOISIAIG ¥

VNOZINVY 40 ANVAWOD SNINNLIVANNYW HINVISIHIV

MP-63387

s N Mt LT REMIN (0c% B avcune U BN DRI RV BRI DAY B . A S A S N0 I

RN RS B2




(2) The STR does not (nor was it ever intended to)
duplicate the temperatures and pressures present
during closed-loop WHL operation.

Therefore, a special configuration was used <or several
tests in order to more closely simulate the geometry of
the Mini-BRU, thus compensating for the deficiency (1) above.
This configuration was designated the Mini-BRU test rig.

Mini-BRU test rig (MBTR). - The MBTR utilized the No. 2
Mini-BRU Alternator Assembly and Housing. The STR rotor,
thrust runner, and thrust bearings were used as was the
STR compressor wheel (idantical to the Mini-BRU compressor
wheel). The compressor backface shroud and compressor diffu-
ser with monopoles completed the build at the compressor
end of the assembly. A pair of Wayne-Kerr displacement
probes were installed at the turbine end. A dummy was installed
in place of the turbine wheel.

To simulate motoring of the Mini-BRU with argon (as
was done in the WHL), the MBTR is capable of being placed
in an environmental chamber and the chamber pressurized

with argon. This test configuration was used in one test
series.

Motoring of the MBTR in air is limited to - 28,000
rpm (-24,000 rpm in pressurized argon). For higher speed
operation, the turbine dummy mass was replaced with an actual
Mini-BRU turbine wheel and the turbine test rig nozzle assem-
bly was added. The rotating group was then driven by means
of compressed air impinging upon the turbine blades.

Continuity testing. - Among the new techniques which
evolved during the tests program was that of continuity
testing. The objective was to detect the absence of contact
(electrical continuity) between the rotor and the stator
at operating speed.

The test setup is shown schematically in Figure 6.
For the STR tests, a simple brush riding on the flat surface
of the turbine dummy was provided contact with the moving
rotor. (A more sophisticated carbon brush contact was devel-
oped for the Mini-BRU used in the 1000 hour WHL run of April-
May 1978.)

With the rotor at rest, the scope indicates 0 volts
if the bearing surface is conductive. If bearing surface
is non-conductive, a thin ( 0.000020 in.) flashing of gold
is added. As the resistance cof the rotor/foil interface

15
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becomes large compared to 1000 ohms, the scope shows 5 volts.
Intermediate gas film resistances may be estimated.

Although many continuing tests were conducted using
the test setup, additional refinement of the equipment is
needed before repeatable results may be expected.

Crarge build up testing. - A similar brush contact
was used in checking for the presence of charge build up
on the rotor during STR operation. The test configuration
is shown schematically in Figure 7. The e}gctrostatic volt-
meter used had an internal impedance of 10 ohms.

Rotor/Bearing Capacitance Test - The capacitance between
the Rotor and the Bearings was measured by means of the
test setup shown schematically in Figure 8a. The scope
is first adjusted for the display shown in Figure 8b. The
msec/division adjustment on the scope is then decreased
to determine the time to (0.63) x 5 = 3.15 divisions,

Capacitance, C, is then calculated:
c = Time

6 farads
1l x 10

The typical rotor/bearing capacitance was determined to
be 2100 picofarads.

Trim balancing of rotating group. - Prior to 23 March
1978 it was the custom to balance the rotating group while
it was removed from the Mini-BRU or the STR. After balanc-
ing, the rotating group was disassembled and then reassem-
bled in the Mini-BRU or in the STR. Experience showed that
the balance varied slightly after teardown and reassembly.

On 23 March 1978, a successful attempt was made to
trim balance the rotating group while installed in the STR.
The method utilized a dynamic analyzer capable of determin-
ing balance in two planes while the rotor operated at 52,000
rpm, Balance was corrected by adding small amounts of a
fast setting acrylic cement to the air drive turbine and
the turbine dummy mass. Typically, the Lissajous pattern
(denoting shaft excursions) could be reduced from 0.0005
inch to approximately 0.0001 inch diameter on each end of
the rotating group shaft.

Fixtures were fabricated for use in trim balancing
the Mini-BRU and are now available for future use.

Scanning electron microscopy (SEM) and microprobe anal=-
ysis.” - Scanning Electron Microscopy (SEM) and Microprobe
Analysis was used in support of a number of tests conducted.
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SEM photographs were made of selected areas of the foil
bearing surfaces before and after certain tests. Microprobe

analysis was used to identify foreign particles.

e . e
T g

»
Es

Examples of SEM photos and microprobe analysis made =

during the low speed motoring tests conducted 16-19 January 4

1978, are in the Figures 9, 10, and 11, Figures 12 and &

13 show a spectroscopic analysis of a spot on one foil. £

This technique was used to identify debris and/or inclusions 2

in the Teflon material. These two traces show the inclusion o

to be insatially Teflon material. ¥

4o

Test techniques. - Among the test techniques originated % b

and/or used during the January - June 1978 test series were R

the following: 4

¥ I

(1) Motor starts and runs in pressurized argon (simu- { %

- lation cof WHL motoring) 1
~ (2) Test for loss of electrical continuity (rotor/bearings) ¢ g
(3) Test for rotor/bearing capacitance v

o (4) Test for charge buildup on rotor
(5) Accelerated charge/discharge induction

(6) Flashing of foils with gold (to detect loss of
electrical continuity of Teflon-coated foils)

(7) Test for open and short circuits - alternator
output

(8) Trim balancing of rotating group while installed
in STR

(9) Static tests for rotor/carrier and thrust runner/
thrust bearing continuity

(10) Scanning electron microscopy and microprobe anal-
ysis - examination of foils, pre- and post-test.

Principal otservations. - The principal observations
made during the STR and MBTR tests are:

(1) STR and MBTR simulations of 12-22-77 WHL shutdown
histogram - unable to duplicate bearing damage;
however, STR test of 11-12 May 1978 resulted in
excessive and abnormal wear.
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Observed complete loss of continuity at 52,000
rpm, fully loaded - CRES-32/Teflon-S; flashed

Observed nearly complete loss of continuity -many
Stability and continuity - both sensitive to appli-

cation of field current

Rotor/bearing interface capacitance - typically
2000 picofarads

Observed charge build on rotor ( 300 volts), dis-
charge to zero, 1-1/2 - 6 min. cycle in air

Accelerated induced charge/discharge test resulted
in damage; similar damage, however, has not been
found in WHL bearing failures

Balance can be improved by trim balancing in assem-
bled STR at operating speed

A balanced rotating group improves stability,
and improves ability to show loss of continuity

Open and short circuits of one alternator output
phase had minimal effect on stability

MoS, coating on "1017" mild steel increases lub-
%ty and discourages generation of black debris

Some Teflon coated foils exhibit tendency towards
increased starting torque after minimal starts

Static tests have shown rotor/journal bearing
continuity even with Teflon coated foils

. e g
(2)
w/gold
(3)
times
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
ric
(12)
(13)
(14)

Static tests have shown no thrust runner/thrust
bearing continuity.

Test summary. - A summary of all tests completed during

the period January - June 1978 is contained in Tables II
through VII which follow. Referenced photos appear in Fig-
ures 14, 15, and 16.

Spring Rate Testing

An extensive program of spring rate testing was initi-
ated in early April 1978. The program had the following
primary cbjectives:
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Figure 14. - Foil Removed From STR After Com

19 January 1978 WHL Histogram Test.
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(1) To measure the effect on spring rate when sway
space, foil length, and foil radius of curvature
are varied.

(2) To improve the method of testing spring rate by
developing and *esting a new spring rate test
rig.

Six'sets of foil journal bearings were fabricated speci-
fically for use in testing spring rates. All bearings were
fabricated from CRES-302 sheet stock (nominally 0.005 in.
thickness) which had been coated (by CREST) with Teflon-S
(nominally 0.001 in. thickness). All bars a.e non-magnetic.
The radius of curvature of the foils was accurately measured
using a 10 to 1 contour reader.

Specific parameters of these foils appear in Table
VIII.

In addition to the six sets of CREST coated foils,
one set was fabricated from THERMEC coated stock received
during 1977. These were Lot No. 8622, originally radiused
to 0.61 inches. Length wag 0.771 inch, thickness 0.0061
inch, cure temperature 650 F, and surface finish 22 to 40
rms.

The initial tests used foils from Lot Numbers 8609A
and 8610. These tests were run using what will be referred
to as the "0ld Rig" or "former method." This is shown sche-
matically in Figure 17(a). A standard Mini-BRU alternator
rotor is supported by the foil bearings installed in stan-
dard Mini-BRU journal bearing carriers. The dial indicator,
used to measure verticazl displacements of the rotor, is
then zeroed. Weights are then added (one pound at a time)
until six pounds have been applied to the rotor. The dis-
placement is recorded for each one pound increment. The
six displacements measured are then plotted as in Figure
17(b). Since the interest is in the spring rate for one
bearing, the pounds are halved.) It has been customary
to calculate the spring rate, K., ‘ver the initial displace-
ment. Hence, K, = 0.5/disp1aceﬁent, "A", Similarly, K
= 3.0/displacem£nt, "b"., (Throughout the Mini-BRU progpam
and BIPS testing, the spring rate, K,, has been used as
calculated above. While it is evidekt that the weight of
the rotor causes an initial offset in the zero point, this
method of calculating spring rate has been retained. Thus
one spring rate may be compared with another.)

Results of tests conducted on two sets of foils using
this method ("0ld Rig") appear in Figure 18. Sway epace
was varied by using carriers with different inner diameters.
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TABLE VIII, - CRES 302/TEFLON-S FOIL JOURNAL BEARINGS

[Fabricated from Crest coated sheet stock
specifically for spring rate tests. All
bars are nonmagnetic.]

Radius of Cure Surface
Lot curvature, Length, Thickness, temp., finish,
No. in. in. in. °F s
8623 0.57 0.773 0.0061 630 8
8624 0.57 0.773 0.0062 630 15
8610 0.59 0.771 0.0061 570 15
8609A 0.59 0.735 0.0062 570 15
8616 0.€2 v.766 0.0061 630 15
8616A 0.62 0.744 0.0061 630 15

48

R I P e e T g

-
a

e

. ) P
. -

s O 5 5 ooy

- s o Ao A SN

‘.L m
TR AT U e ey TR




5

RRsh R

Sy
™

g r,
3

AR TERC N
sad e Fad i

oy,
3
P,

1
B

> !‘{A\\; s
N"s . N - . . oy ;" Q > 5 n‘
EEANOS I R e d ey g ¢

B et SN

-
Pl

ey
.

Sk

rgp A ’s,-". .
el Y,
LRI AN

(a)

RS
N

e

MNP XY E T
B R Vi X Y P
TR AN

=3

g POSRIEA
o 5 "
RIRC N a7

KA TPy
SRS 4 £

-
5

mpn e —— \‘——_6‘:’..0 (b) "

i
-
Py "ol .
N ":.,"a '

’?\

- -
R
[

DISPLACEMENT (INCHES)
N
\
\

| I | | 1 |
"o" 0.5 1,0 1.5 2.0 2.5 3.0

LOAD, W, POUNDS

f
%

s
i
G
7,
.

AN AN
s

-

,f
B o R L
PR R I

AN

g

SR

Figure 17. - Spring Rate - "01d Rig," Schemati
and Method of Plotting. I ¢

49



‘-‘_-___
R T
ol

0.0020 r

0.0015 F

LOT #8610

CRES-302/TEFLON-S
570°F CURE

0.59 IN,
0.771 IN.

: 0.00495
0.0005 } LB/IN. (0.0061 IN. OVERALL)
1560

o LB/IN. :

0.0010 | Ky

700
LB/IN.
1000

Ry 05 R e T e PR T

-
[

DEFLECTION (INCHES)

|
(LI I

I 1

4 J
- 0.5 1.0 1.5 2,0 2.5 3.0
y POUNDS . t

0.0020 ¢

S S Faak oo e LT T

0.0015 }k

LOT #8609A

CRES-302/TEFLON-S

- 570°F CURE

0.59 1IN,

0.735 IN,

940 0.00495 IN.

LB/IN. (0.0062 IN, OVERALL)

1140 . :
LB/IN. - )

0.0010 } KL
640
LB/IN.

&
ni

DEFLECTION (INCHES)
]
i

0.0005 |

3 [ - i 4 I

4 ’ 1
0.5 1.0 1.5 2.0 2.5 3.0 g
POUNDS Ei

e BN AT T R 1

&7

Figure 18. - Spring Rate, Kj, Versus Sway Spa i
(two sets of foil bearing%;. ¥ Ppace .

R S

50

o ,ET?
K‘,

e
e, B AT ACE AT TR T e cad
o | RS 1440 IFRISES FARET FRL IR IVEACE I
Esd § K S e R Shet ST
B
.
‘. - - e



Two sets of foils were repeatedly tested, the measure-
ments averaged, and the resulting data plotted. The two
sets of foils were similar except for length. Lot No. 8610
was "standard" length; Lot No. 8609A was approximately 0.035
in. shorter in length. As anticipated, stiffness (spring
rate) for each set of foils increased as the sway space
was decreased. These results, however, did not fully sup-
port the contention that reducing the foil length would
in all cases reduce the spring rate for a given sway space.
For the smallest sway spaces (0.0065 in. and 0.0069 in.),
the shorter foils did, indeed, exhibit a lower spring rate
for all loads from 0.5 through 3.0 pounds. However, the
plots for the other larger sway spaces are inconclusive. '

The major shortcoming of this method of determining
spring rate is that it allows the bearing to be loaded in
only one direction. It was recognized that an improved
test rig was needed which would overcome this deficiency
and permit the zero load point to be located. As a result,
a "New Rig" was designed and fabricated. It is shown sche-
matically in Figure 19 and appears in the photograph, Figure
20.

When using the "New Rig," the sway space of the foils
undergoing test is changed by changing the rotor diameter
while the inner diameter of the bearing carrier is held
constant. (Five rotors are available. These permit sway
space to be varied over a range of 0.005 in. in increments
of 0.001 in.)

The test rig permits the bearing to be loaded and un-
loaded by the addition and remmoval of weights from the upper
tray. In Figure 20, a weight of five pounds has initially
been placed on the lower tray. The system is then stabilized,
and the dial indicato: set to zero. Deflection readings
are then taken as weights are added and removed from the
upper tray. Seven different sets of foils were tested in
this manner prior to May 19, 1978 by this method. A plot
of a typical set of data is shown in Figure 21. The spring
rate is non-linear. For purpose of making comparison, the
two pound increment from a load of +1.3 pounds (& -0.7 pounds
has been used in all tests. (These points correspond to
weights applied during the test, thus making i\ simple to
calculate the spring rate before the data are plotted.)

It has been found that use of these points results in a
spring rate closely approximating that obtained by using
the increment from +1 to -1 pounds applied force.

Table XIX summarizes spring rates determined by this
method and compares the results with those obtained using
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the "old rig." "Electrical Vibe" and "Hand Vibe" refer

to the method used to vibrate the rig to a point of stabil-
ity after each weight is applied. It was found that tapping
the rig produced system equilibrium more rapidly than using

the small electric vibrator provided. "Full range" refers

Aol R s AR gy AR W
!(‘?{?”’.\;‘ LR R ] i

s

-

to the use of weights from zero to ten pounds and back to gg
zero. The "One-half full range" refers to the zero to six i
pounds typically used in the old rig. The new rig provides K
a more accurate measurement of the foil bearing spring rate. ¥
B
A

Further experimentation disclosed that an abbreviated

— procedure could be used with satisfactory results. 1In this
procedure, 1 pound is placed on the lower tray and becomes ﬁ.
the zero point. Weights from 1 to 4.5 pounds and back to E
zero are then added and removed from the upper tray and
deflections read from each force. Table X contains results
obtained using this procedure and compares these results
with those obtained earlier by the longer procedure. As

-- may be seen, with one exception, there is close agreement.

2 o F
YA

- Figure 22 is another example of data obtained. 1t
provides data for three different sway spaces. (Data were
S— obtained through use of the shortened procedure.) As has
been observed in earlier tests, spring rate increases as
- the sway space is decreased.

Figure 23 depicts the effects of varying the radius
of cuvrvature, R .. Figure 24 is a smililar plot for
"shortened" foi¥s.

The effect of shortening foil length is shown in Figure
25. This shows that shortening the foil results in a lower
spring rate for any given sway space.

Pressurized Bearing Rig Tests

One of the possible causes of Mini-BRU compressor jour- ;)
nal bearing failure was identified as high bearing power £}
loss in xenon/helium at pressure. This phenomenon was ori-

ginally noéticed when a bearing rig normally used in air §§
at ambient conditions was placed in a tank and pressurized 0
with argen, Data proved that power losses were significantly L7
higher than predicted by analytical methods. At this time w3
it was deemed necessary to have a bearing rig built speci- &
fically for testing in various gas environments at elevated M
pressures. Subsequently, the pressurized bearing test rig ii
(PBTR) .as designed, fabricated and put into full operation oy
when problems developed with the Mini-BRU compressor journal .g“

£
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B

bearing. A cross section of this test rig is shown in Fig-
ure 26.

In order to determine how gas type and pressure affect
bearing performance, three gases were utilized for testing
- air, argon, and krypton. Krypton was especially signifi-
cant since it is characterized with the same molecular weight
and nearly the same viscosity as the xenon/helium mixture
used as the BIPS working fluid. An additional benefit of
the pressurized bearing test rig was its ability to evaluate
alternate bearings as possible candidates for future Mini-
BRU engine testing. Various coatings and confiqurations
were tested in order to compare their performance with the
"standard®" Mini-BRU bearing.

Test discussion. - Operation of the pressurized bearing
test rig is shown in Figure 27. While the unit is running
a load is applied to the bearing carrier through a hydrosta-
tic pad. A strain gauge measures the carriers tendency
to rotate with the shaft. Figure 28 shows the rig rotating
group with the test bearing in place. The strain gauge
torque measurement is accurate to within 0.001 in.-lbs and
overall test rig repeatab111ty has been demonstrated to
be within 6 percent.

The bearing chosen for the high pressure tests was
expected to closely resemble the bearing then being used
in the Mini-BRU engine. Pressurized tests began in January,
1978. The Mini-BRU build of 12-22-77 used foils with a
0.61 in. radius and a sway space of 0.0082 in. The build
of 2-24-78 had a 0.59 in. foil radius and 0.0087 in. sway
space. The bearing used for pressurized tests had the fol-
lowing characteristics:

Eight (8) Teflon-S Foils
0.0058 in. total thickness
. 0.770 in. long
0.61 in. radius
0.0084 in. sway space

Tests were conducted in air, argon and krypton from
0 - 100 psi at 10 psi increments.,. Shaft speed was held
at the Mini-BRU design speed of 52,000 rpm and load was
varied at each pressure from 0 - 4 1lbs. Loads were limited

to 4 pounds to minimize test time and because Mini-BRU jour-
nal bearing loads are not expected to exceed 3 pounds.
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Ambient gas tsmperature within the test chamber was main-
tained at 100 F for all tests in order to keep conditions
as nearly alike as possible. Figure 29 shows a comparison
of torque values in the three gases at ambient conditions.
Figure 30 through 32 depict how power loss varies with load
and pressure in air, argon and krypton.

Tests to determine how different coatings and configu-
rations affect bearing performance were conducted in zir
at ambient pressure. As in the pressurized tests, bearings
were loaded to 4 pounds. A comparison of the performance
of these bearings is shown in Fiqure 33. A complete descrip-
tion of the six candidate bearings is giver in Table XI.

Test results. - Bearing power loss in krypton at Mini-
BRU compressor journal bearing cavity presure (54 psia)
and zero load was found to be 43.6 watts. This is higher
than the 35 watts originally predicted. By examining the
methods by which the prediction was made, it can be seen
that several incorrect assumptions led to the lower power
loss value. At the time that the BIPS data reduction compu-
ter program was being compiled, only limited data in air
and argon was available from a test setup that permitted
testing at limited pressures. From this original data, it
was assumed that the slopes of power loss versus pressure
curves would be linear and that the resulirant cuvrves for
air, argon and krypton would be parallel. Subsequent testing
in the PBTR showed that the slopes of these curves increase
with pressure (Figure 34). Also, when testing in krypton
was completed, it was found that power loss in high molecu-
lar weight gas increased much more rapidly with pressure.
The assumption that the various power iuss versus pressure
curves would be parallel was the largest source of error
in the original estimation. The data reduction program
included a ratio of gas viscosities in its bearing loss
calculation, but a ratio of molecular weights (densities)
should have been included.

Effect of coatings. - By referring to Figure 33, seve-
ral observations can be made from the coating/ccnfiguration
tests. The quality of the coating appears to play an impor-
tant part in the performance of the bearing. This can be
seen by comparing bearings No. 4 and No. 5. Bearing No.

4 has the original Teflon coating used in the initial builds
of the Mini-BRU while No. 5 has the superior Crest Teflon
coating. While both bearings display the same torque at
zero load, the performance of No. 4 deterjiorates much more
rapidly. 1It.should be noted that the Crest Teflon bearing
had a smaller svay space and higher preload than No. 4.
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8 TEFLON S FOILS, 5.35 MIL THICK,
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Figure 29. - Torque Versus Load for Three Casses at 1 -

Ambient Conditions. {




Figure 30. - Power Loss Variation With Load and
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1' COATING/CONFIGURATION TESTS
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j While Bearing Nos. 1, 2, and 3 all display lower operat-
) ing torque than the others, their rapidly increasing torque
-3 with load indicates poor load capacity. With the proper
combination of stiffness, preload and sway space, however,

s ¢ PR it g Bt oo A
B ACEAGR LT

e

R T " ! teiR il
AR S oy YRR T k- P
“ﬁ'\- K2

H these bearings could all display better overall performance e
3 than Teflon coated foils. o
! High specific area bearings. - A few tests were conduc- ﬁi,%
: ted with high specific area bearings. High effective area vy ik
bearings were developed to increase the specific load capa- oo
city of the bearings. A photograph of several types is o B
shown in Figure 35, 5 §§

Several tests were conducted with early versions of 2
the bearing. The load capacities did not meet expectations ?g
indicating the need for additional configuration develop- e
ment. Since the conclusion of testing on this program, %
advanced versions tested under a contractor sponsored pro-
gram have exhibited load capacities considerably in excess

of conventional foil bearings. 5
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Material Analysis

A,

iy

3 An important contribution to the final solution of N B
A the bearing problem was made in the area of materials analy- B
] sis. Scanning Election Microscope (SEM) techniques were 4 Lk
o used to evaluate the failed WHL bearings and test rig bear- v
5 ings. Data from the rig tests was shown in an earlier sec- NNV
’ tion. Data for the November and December WHL tests are o 59
‘ included in Appendix I. T
A summary of the pertinent materials findings is as ff ﬁ%

follows: Ef'{;

I

(1) Primary procedure - SEM with EDX analysis A S

(a) Allows definition of surface ]k

o] ki

(b) Allows chemical analysis of area of interest N w5

(2) Hardware observed &'-%‘

Yy 0 E

(a) WHL hardware g

i BN

(b) SBTR test samples !

e

A

(¢) MBTR test runs

B,

(3) Observations

NN
. [
Y M I

(a) As coated surface contains ripples, dimples
and craters
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Figure 35. - High Specific Area Bearings,
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(b) Coating burnished by shaft in band near trail-

ing edge
(c) Burnished bearings show fine Teflon debris

(d) Black areas are primarily smeared Teflon
particles

(e) Smeared areas and debris show evidence of
rotor material with Teflon

(f£) Shiny particles not always metallic analysis
shows content similar to smeared Teflon in
mixture of Teflon and rotor

(g) WHL failure much more advanced than zny of
the test foils

(h) Particles noted in WHL grooves most probably
mixture of Teflon and rotor

(i) No materials foreir . *o bearing cavity noted

Another important aspect of the materials analysis
was in the evaluation of Teflon coating vaporization. It
was theorized that at the temperatures predicted for the
bearing surface, substantial Teflon vaporization might occur
over the mission life which would reduce the foil thickness
and change the bearing sway space thereby adversely affect-
ing the stability of the rotor systenm.

The results of tests conducted at AIRPHX and at Battelle

Columbus Laboratories are summarized in Tables XII, XIII,
and X1V,

The important result of this work was the finding that
the expected vaporization rate was of the order of 10 per-
cent for the proposed 7 year mission duration. This was
judged to have an insignificant effect on long term bearing
per formance.

Fabrication and Inspection Methods

During this period of bearing development the existing
methods of foil bearing fabrication and inspection were
critically reviewed and improved upon wherever warranted,
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TABLE X1I. - MATERIALS INVESTIGATION --- COATING et A i

il ¥

BCL Tests fé &

I

" Microbalance evaporation ;§ 3

hot stage microscopy % ?;
Results

Recession of coating primarily sublimation. Some
slight balling of material. noted during evapora-
tion. Particle size much less than air film thick-
ness.

.. No bubbling or gross debonding noted. Evapora-
tion of half the Teflon left a smooth surface.

Small amount of very fine particles left behind--
may be additions for color.

Coating recession rapid at 500°F, moderate to low
at 350°F.

77

L N

.,.u —
R N il
N

3
¥
ir
£

k)

i

A

b
i ERN
E
K N
4 ¢
v -

-
g+
Y-
pet

F

PR EE A X 0N
RN )
SN

PO P Paill

B
M 2
-“M.T;.
%
2 W
- ?x
P
1
1
1

¥

S p e A
iy ik oy ‘;»

- gt e

4 Cnbee

o “
T

"~
)

LY

R A

p

i

Tty

&y F e

§ 5

A Sl |

e asp

RN

-
M

e

Y

Y ond

AR

ES

Ty 8

e
e P

TR

om

ey T I -



, S o,y 7 LY
e ld duv,awf?t o Cv.iumu;.m (5 P < - % ot & DM Lap L

B o i ke B S i&uﬁyﬂ ﬂcivew:&~e6 Eq e I e LI T e ww
ol m‘ ¥, et i....ﬁ.‘f‘ e -c_f.n.«, g

fwusw_d Mh,w;m _.v P, L ety x " y
A f ??f«?a S el fc\.ws o 2 n.qt. Y RS .p PR P IR N L TR SR pi) ‘..izh.a..w ufé«lif..i%i}fi A

e it B

gt e me et — 2 e e St

(esuaj3ur) IDOH oanjexadwsl aoybTH
Nom ‘os ‘s axnjeaxadwal oMo

danjexadwal je stsATeue uorjestyroads ssel

WO/WD hloa X T = d,0S€ 3¢ 93ex uorjeztxodea Ter3Tur

"z
mmlsz\zw mloa X ¥ = 40,005 3 93ex UOTjezTaodea TeTITUL

9H/9X uT HUuT3IS9] 9 UPTRQOIDTH

9¢-Qdo

saT3EboUu - suor3idnid @oejIns I0J YO°2UD TeENSTA
but3lsa3 adoosoxoTuw 9bels JoOH

(‘ao1n woxz) Yao %ap saanjexadway asubTy

(I9pUTq Tenprsax) vmu NOU ‘00 .me axnjexawusl I9mo7

sanjexadwal je sTsATeur w 3eoryroads ssey

mmlmzo\zw wloa X § = Jo08€ 3I® ®3ex uorjiezixodea wiosl bHuog
¥H-,WO/WO (=0T ¥ T = d,0S€ 3@ 2321 uorzezroxdea [e~3Tur
mmssz\zw 0T XS = J4,00G 3I® 33ex uorjezrxodean [eTITUI -
v
9H/39X UuT buT3ISI] BOURPTRJOIDTW e ¢
bkl
S-uoT3aL mm
3 |
ONILSIL STYIYIALVW 109 - °*IIIX 919Vl '
p ~

A

€79

e

§

S

1

23

A
WY,




“
; .
o, :;:

-

e

54
TABLE XIV. - AIRPHX MATERIALS TESTING 35 I O
Test Document: F Yy
1. Determine ciiromatographic "fingerprint" of dis- gf gﬁ
dressed Teflon-S in preparation for engine test oo ;g
2. Determine the temperature limits of operation a §§
of Teflon-S ] ®F
3. Determine the above for OBD-26 coating £ ﬁ
2s IR
g u
4 &
Method: i3 §
Heated sample foils in helium: effluent directed ;g ¥
to gas chromatograph §2 ;g
R
Findings: ‘2: >
1. Detectable products of degradation are COz ~ud o
CH4 - as detected in engine loop November 8, i
1977 N
2. Teflon decomposition rate of 1.8 x 10-5 GM/CM2- 4
HR at 500°F
3. Sublimation evident in test container - test of 5
empty container yields same products - "fingjer- -

print" detection of bearing failure not probable
without complete loop teardown and cleaning.
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Foil Bearing Fabrication. - Traditionally, foil journal
bearings have been fabricated by hand by skilled technicians,
The individual pads are sheared or chemically etched from
a large rheet of Teflon coated material and rolled to the
desired radius of curvature. A 90 degree bend is tilen turned
on one end and a rectangular retainer bar is spot welded
on. Finally the pad is hand finished to break edges, remove
ﬁag sharp corners and deburr. The design drawing in its final
C form for the Mini-BRU journal bearings is shown in Figure
36 (Drawing 3604338).

-

LT SRR 4

[

e

PO R b RN L B

Forming the radius of curvature is the most critical
item in the process; this determines, in additior to the
true radius, the edge skew a~d out of roundness of the sur-
3N face as shown in Figure 37. Considerable development effort

was devoted to assuring that a correct radius was formed.

=

~

- Oricinally the radius was formed by careful utilization

= of a three clement roller. An attempt was made to develop a

- forming di2 wvhich would use fixed geometry dies to make the

" process absolutely uniform. This die is shown in F.yure 38.

- The foils formed were found to be very uniform but slight vari-
ations in material thickrness or rate of forming would cause

— variations in the true radius. A comparison of "rolled" and

- "formed” foils is shown in Figures 39 and 40. Table XV gives a o
numer ical comparison of key parameters for rolled and formed h ‘

foils. '

e ¥
-

e
! L R R L SIS PSR -

N

L ¥

A disadvantage of the formirg die was the large quan- W

tity of dies required to accommodate variations in foil N E
radius, foil length, foil thickness and foil coating. It 8

was concluded that th2 roll form, carefully used, was ade- ~ ui

quate for development use whereas the forming die would t

be very suitable for production quantities. "\t
¥

Another fabricati»>n problem was reradius of foils.
In the earlier development phases, test foils had beun rera-
diused, sometimes more than once, to vary the radius ot
curvature. As better ircpection techniques were implemen- I
ted, it became apparent that this procedure almost always i
caused a double radius with a strong effect on spring rate. I
This practice was discontinued and changes in radius of '
curvature necessitated fabrication of new foils. ¥

o ——— et o 3
~

A e mowesreans

Another facet of the improvement in bearing fabrication
methods was the implementation of a detailed cataloging i
; system for tracking the bearing through the fabrication
s process. During the course of the program a wide variety
of bearinge, many very similar in confiquration, were made
and tested. The cataloging and file =systam was utilized
to keep track of the following parameters:
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TABLE XV,

Rolled foils (radius changed)

l.

2.

Maximum

Maximum

Rolled foils

1.

2.

Maximum

Maximum

Forming die

l.

*2.

Maximum

Maximum

edge-to-edge variation

variation from true radius

edge~to-edge variation

variation from true radius

edge~to-edge variation

variation from true radius

-~ CONTOUR READER INSPECTION

10

10

14

mils

mils

mil

mils

*Should improve when arbor press with "stop" is used.
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Base material background and traceability
Base material type

Base material thickness

Base material heat treat and condition
Coating vendor

Coating type

Coating thickness

Bearing radius of curvature

Bearing size

Retainer material

Bearing test history

Inspection methods. - In addition to the 10:1 size
profile traces described in the preceding section, a number
of inspection techniques were implemented. The major contri-
butions are shown in Figure 41.

In addition foils were dimensionally inspected in
detail to the inspection record shown in Figure 42. This
provided a record, keyed to each foil by etched serial num-
ber, that could be used for hefore and after test comparison.

Thermal Analysis and Test

Additional thermal analysis was conducted to determine
if overtemperature was a contributor to the bearing failures.
This analysis consisted principally of extending and refin-
ing the thermal analyses conducted earlier in the program
by utilizing measured temperatures in the unit. In particu-
lar the compressor and turbine journal bearings were modeled
in detail.

Figures 43 and 44 show the predicted temperature distri-
bution for the two bearings.

A special workhorse loop test was designed to verify
the predicted temperatures. A thermocouple was attached
near the trailing edge of a compressor end journal foil
as shown in Figure 45.

Thermal paint was applied to the alternator end bells,
the turbine backface shroud, the tie bolt, the inside sur-
faces of the alternator rotor and the outside of the turbine
end bearing carrier. (The compressor carrier did not pro-
vide enough exposed area to warrant thermal paint).
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q, BUILD FOR: BUILD DATE TEST DATE
- ROTOR - P/N S/N
SHAFT 0.D. COMPRESSOR END TURBINE END
COMPRESSOR CARRIER - P/N S/N
1.0. SLOT WIDTH (MIN.) .
TURBINE CARRIER - P/N ___SIN
1.0. SLOT WIDTH (MIN.)
"JOURNAL FOILS
) LOT NO. S/N Re =
TTHET
BASE MATERIAL COATING STRESS Rt .."VE/TEMP OF
] PINS : MAG. NON-MAG. LENGTH
FOIL THICKNESS: BASE MATERIAL COATING TOTAL
"SWAY SPACE" = 1.D. - 0.D. - 4T =
FOILS CLEANED WITH
SPRING RATE  PORE-ErTOF FOTCST LOAD DEFLECTION
0.0020 (LB) (INCHES)
) TARE
g .0015 TARE + 1
g
g TARE + 3
P
g 000 TARE + 4
v
a 0000 TARE + § -
TARE .t 1.0 1.5 2.0 2.5 3.
0 TARE + 6

LOAD (LBS)
ROTATING GROUP BALANCE + RUNOUT_(ATTACH DATA SHEET)

COMMENTS ON BUILD: ALL PINS LOOSE IN SLOTS?
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Figure 42. - Bearing Data Sheet.
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. END-BELL FOOT TEMP. = 303°F
) COOLING GAS FLOW RATE = 2.16 PERCENT W,
- COOLING GAS INLET TEMP, = 320°F

MINIMUM FILM THICKNESS = 0.000139 IN.
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TOTAL POWER LOSS = 41.86 WATTS .
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. Bearing Thermal Analysis. : %‘.‘
2 4
d B B
3 . 1
% 9 1
" /1
e | 1
e




L) .wﬁ“’%s denglﬁ\:%ﬁgﬂw;.m.m«. MM..WM”?. r4 &.\H , .,utnﬂml, wv J..pm.(& wt\pvsu&vv\..\\.?rnﬂv.ﬁﬂ.v w& a, : Y._i&‘,.w.s.mgﬂo.n _wi “.J.urww.v " ”H W!ﬁ \,kﬂﬁ‘!l..l. P e u%.“. F LN - For N , p . ,n
'.I'*
-
L F
b
. |
*JUBWBINSEIW 0“5.”@“0&5-,—- aoejang uor3isdlL - ‘P 0“%._...& w...;\-
do0¢E = dWdl FOVJUNS NOTJIL
doST ™ NOTJEL ANV "IYLEW SSO¥DY IV dosle = dWdlL dO0wadNS NOTJAL
JoGE o HIONTT 7104 ONOIY IV doST = NOTJEL ANV TYIAW SSOdOV IV
d.0TE = 0/1 X8 QIENSYIW dWZL 4,092 = 0/1 X6 QIENSVIR dWAL
do SE™IY
NOILVDOT NOTIVD0T
o/1 5/1

Jdo ST™IV

LSAL LL-TZ-C1
aNF INIgU0L

A7 i

=\
JANIVLEY —

i o

ARG i, m“m.,u:»u,z

Id
Y3INIVLIT

<n~m<
avo'l

LSdL 8L-»1-C
aNd ¥OSSITUdHWOO

" g W o
. ek R s
.-v,

rs.(r!. ﬁx
.E% A ,M,

.- ..u‘ REAAT



e »
SR

G

This unit was installed in the workhorse loop and opera-
ted for 6 hours. Disassembly revcaled all temperatures
either equal to or less than the predicted temperatures.

~

AP i R

This data along with data acquire® during the December
WHL test provided data to allow a deter.nination of the Tef-
lon surface temperature. These temperature predictions 1
are shown in Figure 45. This data was used to establish
predicted vaporization rates as discussed in the "Materials
Analysis" section.
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- In addition to foil temperatures, the thermal analysis

‘ predicted that the difference in temperature Letween the
bearing journal and the bearing carrier would result in

- a 0.0008 inch loss of sway space during operation. This )

was judged tu be significant and led to an adjustment in $

cold sway space during future tests to compensate.

The conclusion reached by this analysis was that tem-
perature was not a factor in material degradation but that

it caused 2 decrease in sway space whrich might be signif- 1
icant. o
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DC-10 Charge/Continuity Test

1T
A
.
v
L]
S

There were a number of uncertainties involved in the
guestions of electrical charge huildup and rotor/foil con-
tinuity (touching) d.ring operation. A test was setup to
<4 evaluate this phenomena relative to the DC-10 air cycle
P machine. The DC-10 machine has a history of long life oper-
o ation in an environment much more abusive than the BIPS.

P The details of this test are shown in Figures 46, 47,
. 48 and 49. The conclusion was that even at conditions of
full film lubrication there may be asperity contact between
the shaft and foil due tc the conforming nature of the foil
and the relative roughness compared to the minimum f£film
thickness.

Thermistor Design 2

When it became evident that means would have to be S
provided for measuring the foil temperatures near the trail- "
ing edge, thermistors were considered as a candidate. 1.

Foils were especially designed and fabricated by chem-
ical etching for utilizing 0.005 inch diameter thermistors. -
The thermistors were attached to the foils and checked R I
out.

Sever:.l bearing carriers were modified witn slots for
4 thermistors o each bearing.
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CONCLUSIONS

o TEST SET-UP CAN GIVE VALID INDICATIONS OF THE
DEVELOPMENT OF FULL FILM,

(o] AT FULL FILM THERE COULD BE ASPERITY CONTACT.

(¢] TEST RESULTS CORRELATE WELL WITH PREVIOUS TEST
DATA UTILIZING TORQUE MEASUREMENTS.

Figure 49. - Conclusions - DC-10 bearing
continuity tests.
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This technique was not implemented in tests because
of suc ess with ultra-small thermocouples and methods of
attachuent.

Shaft Displacement Probes

The original design of the Mini-BRU specifically exclu-
ded shaft displacement probes to aid in compacting the turbo-
machinery package. With the necessity to check every fail-
ure contributor, the monitoring of rotor dynamics was neces-
sary.

Two types of probes were designed. A fiber optics |
probe was designed to fit on the compressor impeller inlet
extension and a set of miniaturized capacitance probes were
designed to fit between the compressor impeller and the
thrust rotor.

Hardware to implement these probes into the Mini-BRU
was not available in time for the 1000 hour test so the

plan was carried no further than procurement of probe hard-
ware.

WHL Blowdown Test

The suspicion of foreign object damage to the bearings
was dispelled by conducting a WHL blowdown test. Argon
gas was blown through the loop in quantities simulating
the loop throughflow.

The gas was filtered at the compressor inlet and the
results were examined by 30X microscopy. The interior of
the duct was also wiped and the residue examined.

No debris larger than 5-10 microns was discovered.
Foil Bearing Analysis

A foil bearing analysis method was developed under
a contractor sponsored program. This technique was applied
to the Mini-BRU journal bearings so as to gain insight into
such factors as dimensional sensitivity and minimum film
thickness.

The analysis utilizes a geometry subroutine to repre-
sent the foil deflections and a hydrodynamic¢ routine to
calculate the pressure profiles and individual foil loads.

Thus far the program is only applicable to zero eccen-
tricity (no side load) configurations.
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Discussion of Analysis - The geometry routine utilizes
the basic elements of foil bearing geometry, shown in Figure
50, to calculate the height of the individual foils relative
to the bearing carrier.

In general, the bearing comprises (N) identical foils
of arc breadth B, axial length L, metal thickness t, total
geometrical thickness, T, (which accounts for the presence
of a coating), and initial curvature radius, R_. Attached
to the underside leading edge of each foil is § pin which
is inserted into one of (N) equally pitched axial slots
machined into the inside diameter surface of the bearing
carrier, whose inside diameter is d,. The journal of diam-
eter, d,, is inserted into the bearing housing, (N) foil
aubasseﬂbly to comprise the bearing system.

One term applicable to foil bearing geometries is Sway
Space, which is defined as:

Sway Space = dH - dJ -2 (M

The sway space is a measure of the diametrical movement
freedom of the journal with respect to the bearing carrier.

The initial foil radius, R_., always is greater than
that of the housing, d,; thus, ocefore the journal is inser-
ted, each foil bottom gurface is in contact with the housing
at its upstream leading edge and with the downstream adja-
cent foil at its trailing edge. Correspondingly, the up-
stream foil bottom surface trailing edge contacts the sub-
ject foil top surface, Figure 51. Considering now the local
height of the foil relative to the bearing surface inside
diameter, H (X) is maximum, the height at that value X de-
Zires the diameter of that journal that could be inserted
into the assembly to establish line contact among all foils
in the absence nf preloading each foil.

By progressively applying equal line loads to each
foil at the locations where the heights are maximum, orienta-
tions and line contact loads, corresponding to journals
of increasing diameters, are determined. With sufficient
applied load, each foil is brought into contact with the
downstream foil at the downstream foil leading edge. With
this additional contact, each foil has "bottomed" on the
underside foil, Figures 53 and 54.

Hence, the free body diagram of each foil is as given
in Figure 55. 1In general, each foil experiences an extern-
ally applied load, Q, which is reacted by force, P, and,
under sufficient deflection, force, S. It also withstands
force, Pz, applied by the upstream foil bottom trailing edge.
The foil“elastic deflection is determined using the strain
energy method,
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Figure 50. - Conventional Foil Bearing
Geometry and Parameters.
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Figure 52. - Foil Bearing Prior to Inserting Journal.
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Figure 53. - Foil Orientation Prior to "Bottoming."
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3 2ED ?

) where: 12
o | £
U is the strain energy 3§

R, .= foil radius -

' . &

M = moment distribution as function of (Pl, P, %

Q, S, ) r?

1]

- 4 = angular coordinate along foil ?
&

8 = foil arc breadth »

A . N k
D = foil flexural rigidity b

‘ r

- E = foil material elastic modulus. ) ¢
- The local elastic deflection is determined by considering B ¥
) additionally that a virtual force, q (¢), is applied, and R
nid) = U 42

o9 | 9 =0 S

| &

# Finally, the resulting foil height H (X) is determined b1
i from 7 (¢) and the constraints that; once the foil "bottoms", sE™
’ the height at the bottoming point remains fixed by the thick- 8 [;
A ness of the underside foil; the fcil at the trailing-edge 4w
remains in contact with the downstream neighbor; and the hHE

‘ upstream foil remains in contact with the subject foil at o e
the upstream foil trailing-edge. E§ sg

1 Presence of the pressure distribution loading imposed 'E’;
' by self acting gas film is then accounted for by represent- [J f
ing the pressure field as discrete line loads, Figure 56. éT =

The determination of these pressure induced loads is KJ %

made using the classical Reynolds equation. hg b

g-',

Side leakage effects are accounted for by applying q}g

boundary layer corrections to the foil edges. For most 4%

foil bearings, L/B>> 1, so that these corrections are of E') &

second order influence. «ﬁ

. £

The coupled hydrodynamic solutions and foil deflection
solutions start by applying a load, Q, sufficient to separ-
ate each foil from the journal and computing h (x). Given
h (x) and the bearing operating speed, viscosity and ambient
pressure, p (x), is then computed. This process is contin-
ued until the minimum gas film thickness from Q is the same

RS
A,

P
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g; as that resulting from the corcesponding pressire field.
This pressure field is then scaled in normalized fashion

to obtaia the second order improvement pressure solution.
This process is carried forward until the assumed and actual
pressure fields ca'se the same resultina foil deflections

to within a pre-specified error limit.

This analysis is used to optimize bearing geometrical
parameters and establish bearing performance properties.
Examples of successive ordered solutions to pressure fields,
- obtained from a closed Brayton cycle system, -re given in
- Figures 57 through 60. The same bearing stiffness proper-

3 ties are given in Figure 61. Fiqures 62 and 63 are examples
of minimum fiim thickness-versus-sway space predictions,

and gas film lecad-versus-minimum film thickness of this
bearing.

i3 Note that the analyszis rigorously treats each foil
load with respect to its neighbors. This allows prediction
of foil damping properties associated with journal radial
loads with respect to the housing.

Other Tasks

Several other minor design tasks were completed in
support of the bearing investigation.

A dimersional stacking analysis was completed. The
object of this was to de“ermine if the tolerance buildup
of the component parts would cause too much lateral or angular
misalignment. The result was that the tolerance stack was
within the limits of good design practice.

The lateral misalignment of the bearing carrier bores
was measured in the assembled condition. An offs>t of 0.0007
inch was measured. This was judged not to be excessive.

Hardware was modified for use of the compressor impeller
as a pump to recirculate gas in the compressor bearing com-
partment. This was not implemented because the bleed flow
was increased to accomplish the same end.

A design was completed for an extended thermal shunt
inside the rotor to conduct heat from the alternator rotor
to the compressor impeller (an existing shunt conducts heat
from the thrust runner to the compressor impeller). This
alsc was not implemented vhen analysis 2.d test subseuauently
indicated high temperature of the alternator rotor was not
a problem.
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~ FOIL RADIUS = . 05700
| BEARING RADIUS = 05350
: SHAFT RADIUS - 0.5192
¢ . CLEARANCE - 0.0158
~7 FOIL THICKNESS - 0.0060
FOIL THICKNESS - 0.0050
FOIL LENGTH - 0.9000
9! FOIL ARC LENGTH =  77.8000
-9 ELASTIC MODULUS = 0.2800E+08 ‘
INITIAL FORCE - 0.2068
AT = 4.0000 .
8| omeca - 5200,
=1 pa - 4.
VISCOSITY - 0.5800E -08
8 - 0.775
8| swav space - 0.0076
¢
w
331
w
[ 4
&
8
24
. .
k8
e
4.
8
" 0.00 0. 18.00 2¢.00 0.0

Figure 57. - Foil Pressure Profile.
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BEARING RADIUS - 0.5850 , .;

) SHAFT RADIUS = 0.5192 :

-~ CLEARANCE - 0.0158 :?f‘

E FOIL THICKNESS = 0.0060 (WITH COATING) ?
FOIL THICKNESS - 0.0050 (METAL ONLY) -

¢ | FOIL LENGTH - 0.9000 :

=7 FOIL ARC LENGTH =  77.4000 -

ELASTIC MODULUS = 0.2800E+08 : 3
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~7 FOIL RADIUS
! BEARING RADIUS
SHAFT RADIUS
2] CLEARANCE
FOIL THICKNESS
| FOIL THICKNESS
g : FOIL LENGTH
-7 FOIL ARC LENGTH
ELASTIC MODULUS
INITIAL FORCE
.. AT
OMEGA
PA
g | ViscosITY
..'.'1 B
SWAY SPACE

PRESSURE, P/Ps

0.5700
© 0.5350
0.6192
0.0158
0.0060
0.0050
0.9000

75.9000
0.2800€+08
0.1507
4.0000

5200.

40.
0.5800E-08
0.775
0.0076

T T
.2 8.00 16.20

i

v — P - —

. ) — T
2000 R0 <.% «.2 .00 .00 2.0 .00,

ANGLE = DELTA - PHI

Figure 59. - Foil Pressure Profile.
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Figure 60. - Foil Pressure Profile.
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APPLIED LOAD, LBS

10 -

CASE 1, B = 0.770 IN.

SWAY SP = 0.0076 IN.

FOIL METAL = 0.005 IN. THK
FOIL COATING = 0.006 IN. THK
FOIL LENGTH = 0.9 IN.

(8 FOILS) Ky

SPRING RATES (LB/IN.)

k5

CASE 1 6400 4800 3200
CASE 2 2756 2067 1378

CASE 2, B = 0.700 IN.

K3

0.0000 . 00005 = 00010  0.0015

LI ' L
0.0020
1 SHAFT DISPLACEMENT, IN.

Figure 61. - Foil Bearing Load Versus Deflection
Influence of Foil Breadth.
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A design was initiated, but not completed, to mount
the thrust bearing on a strain gage ring for the purpose
of measuring the engine rotor axial thrust during operation.
This action was prompted by concern when a thrust bearing
fajled in the MBTR during cold testing. This problem was
diagnosed as the result of adverse aerodynamic backface
pressure distributions during cold operation under heavy
electrical loads. The problem was subsequently controlled
by limiting the magnitude of electrical load during cold

operation.
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CONCLUSIONS

Although no single factor could be identified as the
failure mode , certain key elements could be deduced:

o High temperature was not a factor contributing

© to coating degradation (no high foil temps; no
excess power loss)

o The failure could not be simulated outside the
m_ WHL environment no matter how abusive the test
schedule (low speed motoring, start/stop, high

loads, tight sway cgace etc.)

: o Electrical arcing did not appear to be a factor
¢ because it was not clear that the foil pads ever

totally lost contact with the shaft (asperity
contact)

o Evidence was found to substantiate non-adherence
of the original Teflon coating (a random material
coating phenomena)

o Magnetic excitation of the unit could cause a
dramatic instability threshold for certain bearing
configurations (very low spring rate)

o The temperature difference between. the shaft and
the carrier could cause a 0.0008 inch decrease
in the compressor end bearing sway space.

o Bearing performance and ruggedness seemed to im-
prove as fabrication and inspection methods were
improved (December test failure in 3 hours; February
test no distress in 6 hours; subsequent cold tests

with no serious distress after very abusive tes-
ting)

o The compressor end bearing, because of its design
for no cooling flow, could cause entrapment of
self~-generated debris whereas the turbine bearing

- could cleanse itself by virtue of its 2 percent
bleedflow cooling.

These factors suggested that loss of sway space, lack
of flushing flow, poor coating quality and surface finish
were the principal contributors to the bearing failures.
In addition better fabrication techniques and inspection
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MINI-BRU MODIFICATIONS

The results of the bearing development program and
the conclusions reached therein pointed the way toward the
logical design modifications that were integrated into the
Mini"BRU o

Table XVI tabulates the changes implemented in the
unit for the next (and final) Workhorse Loop Test.

In addition, a standard procedure was established for
tests conducted on the unit prior to installation in the
loop. The elements of these preparatory tests are shown
in Table XVII. These tests were designed to assure that

all functional requirements were satisfactory without exceed-

ing operational limits that might overtemperature the unit
or overload the bearings.
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o Provision for assuring retainer pin is always wider

= ]
TABLE XVI. - MINI-BRU DESIGN CHANGES FOR 1000 HOUR
WHL TEST. < S
o0 Increasrd bleed flow for bearing cooling Fé ;
- (v50 percent increase to 3 percent bleed flow) 7::
O Slotted retainer on compressor end journal bearing :f a
o Increased sway space 54
0.0099 compressor cold (0.0091 hot) 18 -
0.0092 turbine cold (0.0087 hot) A
o Crest coated journal foils ff ?
. 8 RMS surface finish g
i g
630°F cure Y =
I #
© Continuity/ground probe %% e
3 E
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TABLE XVII. - MINI-BRU WHL PREPARATORY TESTS

Prior to installation in the loop the unit is subjected
to the following tests:

1.

2.

3.
4.

120

Acceleration to 52,000 rpm - monitor
shaft stability.

Apply magnetic field excitation to
2.4 amps - monitor stability.

Apply 100 wWatts output load.

Motor start to 20,000+ rpm.
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1000 HOUR TEST

" in earlf April, 1978, the Mini-BRU was installed in
the BIPS WHL with the initial goal of att.:ining 100 hours
of ope ‘on to verify tne bearing probl:rs resolution.

puring the initial leak checking, th: pressure probes
added for measuring the compressor bear iy cavity pressure
differential were found to be ser.ousiy ieaking and were

abandoned.

. 0y 5 i ey PRTIR Pty
R Q e T e o Sy I s o P
A T R R

-

il

The cezt was initiated on Ap:!: o, 1978, During the
initfa) 100 hour period readings {ro: the continuity probe
indicated an apparently improving situation. Bearing temper-
atures were siable throughout the period.

S 'I\"'? ¥ 1
i

-,
.0

At the 100 hour milestone, 2 decision was made to con-
- tinue the test to achieve the 1000 hour goal.

TN & et
LT o

On May 22, 1978, the system completed 1006.9 hours

of operation with no engine problems. The run was inter-

rupted three times by facility problems which were all

resolved. The longest continuous run, 402 hours, was achieved

at the end of the test. Four starts to 20,000 rpm for check-
B out purposes; 3 starts with the loop at design point tempera-

tures agd 3 normal operating type starts with the heat source

at 1200°P were accomplished during the test.

4 When the unit was disassembled after the test, the
bearings were found to be in excellent condition. The post
test inspection is documented in Reference 2.

.
s

A T cas
NP A ASN

e

.

ety

§ 2 c3 af om0

= It was found that the continuity probe had worn itself :
- out. This accounted for the apparent change (improvements) )

in continuity experienced during the initial 400 hours. -]
No evidence was found of elect-ical arcing damage.
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RELEASED

AIRESEARCH MANUFACTURING COMPANY

ADIVISION OF THC CABRETY CORRORATION

FMOLNIN, aRiZONA

MATERIALS ANALYSIS 13344

MATERIALS ENGINEERING

Date Submitted_1=9-78 ' Date Required_1-23-78 _ |Nsme of Part BEARING, FOIL
Outline No 240610-1 Part No.I13
Charge No.___3409-249626-04-0704 ____ |Material 3
Material Spec. _MIL.-S-5059/AF5467 Part Condition
Equip. Name__BIPS -yHT, Requested By J. Hadley . Ext
Equip. S/N Part S/N Investigator M. Inzana Datel=-16-78
Vendor Reviewed By Date
Reviewed By__( < E S7ank Date 3-8 7%
Product Status (¥
Qualified [JYes [ONo Industrial Production O
FAA | TsoO DOE Production (] Commercial | DevetopmentO
Type Certified( Research & Development (X

BACKGROUND; No similar MA's this part number.
Operating Media____Xenon - Helium Environment

Operating Timelst €100 © 's,2nd«10 H' £ Temperature Range

150°F to 450°F

Additional Information:

Bearings from journals on two builds. Shutdowns accompanied by

load shedding indicating problem with bearings. First group had

a much longer suspected time of running at speed below aerodynamic
film. Second set should have been running on film, except for brief
time during start and stop. Summary memo to follow.

SUMMARY AND CONCLUSIONS:

1,

o ———————
INVESTIGATION REQUESTED:

The damage to the foil surfaces was characteristic of abrasive wear. The
most severly worn foils were from the first run compressor bearing.

EDX analysis indicated that all particles and debris found on the foils
was from the immediate working area of the parts. Some particles, found
in the wear track, may be from the rotor and some were probably stainless
steel. A pimpled appearance on some bearing surfaces were believed to be
dichromate particles, the black streaks were debris filled holes. Nothing
in the debris area indicated other than teflon shavings. Fret lines,
point of overlap, showed teflon coating still present.

The actual hardness (H14RC-38) of the foils was slightly higher than that
described by the ASM metals handbook (HRC=32).

The material chemistry of the foils was verified as type 302 stainless
steel. The material chemistry of all of the bar stock was not the

DISTRIBUTION DEPT. NO.

(¥ Macroexamination Etched Unetched Photo |.J. McCormick (20) 93-171-3U
2§ Microsxamination Etched Unetched photo | H. Longee 93-171-3U
(M Hardness F. Dobler 93-171-3V
(4 Chemistry Verify Complate M. Miller 93-391 -4V
(65) NDT Fluor. Pen. Magnetic Particle X-Rey | J. Hadley 93-391-4v
(¥ Other SEM exam to survey surface topography of | L. Matsch 93-335-4K
all zones and identify foreign material. "5 g-ath 93- - _-3U

1. Document full foil surface. Representative : — e
. R. VenFlue 193-y70-3U

photos of each zone on foils. -
. M. Inzana 93-392-114
2. Look for heat effects, contamination, material

structure.
4. Confirm foil material and teflon coat.
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MATERIALS ENGINEERING

SUMMARY AND CONCLUSIONS (CONTD.)

specified Type 347 stainless steel. Bar material was believed to be a
low alloy steel (magnetic).

FINDINGS:

1.

Four foils from the first and second run compressor and turbine bearings
were submitted for evaluation. Representative photos of each bearing
foil were shown in Figure 1. The heaviest wear appeared on the first
run compressor bearing (Figure 1-I) and was documented in seven areas.
The least wear appeared on the second run turbine bearing (Figure 1-1V).

The trailing edge of the foils showed abrasive wear in the form of
distinct scoring grooves. Most of the grooves were filled with debris.
All of the foils exhibited a dark line down the center caused by the
trailing edge of the overlapping foil.

The variety of the wear that appeared on the first run compressor bear-
ing was shown in Figure 2. Deep scoring grooves and complete removal
of the teflon coating along the trailing edge, Figures 2(A), (B), and
(C). The trailing edge of the overlapping foil left a scuffed pattern
in the middle of the foil as shown in Figure 2(D). The unaffected
teflon coating was shown in Figure 2(E). A dark colored teflon area
was noted in the overlapping section of the foil as shown in Figure 2(F)
This progressed into a black colored area which had numberous surface
cracks and inclusions as shown in Figure 2(G).

The severity of wear on the other three bearing foils was much less
than the first run turbine bearing. Representative areas were shown
in Figures 3, 4, and 5.

Scanning Electron Microscope (SEM) analysis of the foil surface began
in Figure 6. High magnification photomicrographs of the foil surface
“howed thit the scoring grooves were filled with debris (Figure 6(D)).
EDX analysis of the area indicated by the black arrow in Figure 6(A)
was shown in Figure 7 and was identical to the particle indicated by
the black square in Figure 6(C).

Although the wear on the first run turbine foils was confined to a
smaller area, the characteristics were similar to the other bearings.
This was shown in Figure 8.

Wear on the trailing edge of the second run compressor foil was more
pronounced than on the first run turbine bearing foil. The trailing
edge wear appeared to be in the form of scoring grooves with particles
imbedded in the teflon coating. EDX analysis of the areas shown in
Figure 9(e) was reproduced in Figure 10. Areas three and four had
evidence of silicon while area two did not show evidence of titanium.

The representative microstructure of the foils was shown in Figure 11

and was typical of heavily worked Type 302 stainless steel in the half
hard condition.

Hardness: Actual Specified
* RC-38 ** RC-32

* Converted tukon microhardness.
** 1/2 hard per ASM metals handbook, Volume 1, Pg. 414.
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PINDINGS (CONTD.)
4. The material chemistry of the foils was verified as Type 302 stainless )
steel per MIL-S-5059. The material chemistry of the bar stock was only p
o verified as Type 347 stainless steel per QQ-S-763 in one out of fcur
% specimens.
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FIGURE 1 (I). FIRST RUN COMPRESSOR FOIL S/N 336 L/N 7491, 4% X MAG.
FIGURE 1 (II). FIRST RUN TURBINE FOIL S/N 332 L/N 7491, 4% X MAG.
FIGURE 1 (III).SECOND RUN COMPRESSOR FOIL S/N 440 L/N 7517, 4% X MAG.
FIGURE 1 (IV). SECOND RUN TURBINE FOIL S/N 555 L/N 7517, 4% X MAG.
LETTERED ARROWS CORRESPOND TO THE FOLLOWING F IGURES.

pPage 4 of 25
127

A

% K 8
SRR B

"
-3
L A, b

e )
PR

g wmns RN
s i Yt

i
NSV
i

Bor b e w3t
3

I

o .
h e
:"‘ :
4 B4
o K
. ‘\."
R .
s 9
<
.
.
4 -
1 B
ﬂ‘ i.
Ei’,,r
L
{1
vy
<
g :
.
.
.
-

- C T e—— W peReeseennhuagel

i
b

:
NPT T

V-

L3, v
o
. b
+ A
K 3
4
<
*»
=
N | X
: .
A o
p 5
=
EEX



T T T v Uk WIoE | SN o GAE TR e
A R e i s oy e SR e s

T C YRR L o ol B R T e "V
%h?.b.,.t,&—g‘ffvan.ﬁu W e BB et . -

~

T

)
)
>
o
N

v
L IR
-

-710d YOSSTYIWOD NA¥ ISYIA T JENOIA f

— o ——

— A — - ———

Page 5 of 25

0wt - B DR |
MA-13344

|

1

o — .

f 77

i

K
@

R,
MATERIALS ANALYSIS (CONTD.)

W ST . Prat]
4

T

.
[
1]
L]
]
-
;
i
.
1

Lo

PRGN
a2 0 4

-

teo. vEviAy
. PR -



g ey
A

MATERIALS ANALYSIS (CONTD.) MA-13344 3

A

® ® | -

FIGURE 3. FIRST RUN TURBINE FOIL . 20X MAG. :A

129 3t

Page 6 of 25 ‘:

L wibl TEaeani i s el g e D S Ve G e i S R S G (e s 00 AN RO I 1O



ity - A e et e ek ¢ d. JE 0 U e ) L oW R L Braem o B UBs PG
. Fas

-

MATERIALS ANALYSIS (CONTD.) MA-13344 -

o

G v

¢ r——

vy B E
M 4 Al
RN B | £
i P “B B
Byt 44 J o
ST “;‘w g :
A R G
bad -& g -
7 w ’ o
s Wl e ] 1,
R AL 4 . . "‘;, ?‘
v ~ 3:‘ )
* " n [
RN IO - * .
K L ¥
X ’ A%
1 "?S - F
' & " - ;¢ e
. Bl -
FEEL I v . e
N e
. :
. } . o 4
e B \ ;
L ke
. ' )
o - K ]
A TS A -
’ i e d
37 - -
) R - « L
- te
. ™ 1
'y

4 . o ~ g I T
s . N . - T )
ERER ol - N N - — IR, - ;
.4 . U N - - i
o . N Y - : ;
e B ~ N * Ze - H
e . : ~_ -
‘: a > - - ‘e e - = Al -
bl . - iy e AR P e e am——— e
Co - S - v R —_— ~
% " - - - =
A . . .
o R ~ e
B Lo -, 1S -
L3 I N B [ [
L ‘\ s LY .
s ~N . .
Ay N N -~
. . ;
»7; e , S .
kS . -
:
N
N
- .

()

e ) | - L 4

FIGURE 4. SECOND RUN COMPRESSOR FOIL. 20X MAG.

130 l,

Page 7 of 25




=

B .

ke

—k

" =l

)

oy

S

s T3

MA-13344

MATERIALS ANALYSIS (CONTD.)

= bR YN Y'Y S T .
PR TR s, DY RN T N AN A TR "
N

T e LT S EF B N R A

> - ’:\%Ftv!wvhxauhkr.ﬁ .

wIL3ARAnEL L e

BACE IO i PN S
PR e LGNNI

R

.

.
"R i, e B g

SECOND RUN TURBINE FOIL . 20X MAG.

FIGURE 5.

131

Page 8 of 25

HP-64004




v

- - eyt . : . - i . . "
¥ % R .itwuau oS Sy e 8 Sans) ...NVW..;JM.?&A,} P M 7 S R T eV W e FL P
. P ;Mv ,fwﬁ T PR SO Y ,u%n.fmﬁ..ww{&wmc.;;.uu.qmn.iu.f.bf. BT ENeaida K1 T.fmcgw‘_wusm#.w\f..a#. EARE AL ET Sl LA R A b g AL B 5 by " R IR I - Cerg “,
T AIR T S W Ty = S ey A e
¢ LA Y SR DR S YO P R L S PSS T e e

*IVNOS MOVId LV SISATUNY Xadd °“9SVH X0ST (d) ~S¥H X000T (D)
‘OWHW X00T (€) °MO¥YV MOWId LV SISYIVNV Xad SVW XOT °(V¥) 1104 JOSSHUAWOOD NN¥ ISVId °9 3wWNOId

. 5,

MA-13344
Page 9 of 25

-3

- - . ' >
" m«# A"
3 VRS,

e
P
-
(L)
.
(«“,

St
MATERIALS ANALYSIS , JONTD.)
H
:‘ \
o

-t
.
* *
- -)
N ]
& '
’ A}
i
s v
e ¢
e
.3
.
—————
s
.
.
—

e
P

-

-
A v L Ik

132
e o

MP-64000

' o= ¢ 5 AT SR AR Tt BT EAL RIS U R AL BRI /et 5 08 SO SV S
A RSNy Tl ﬂ%ﬁwmﬁ;ﬂ. % S T SR RESACTIEUS L bk 32 B DT oA

N - -



<o 27
xwu J’ir.mlei. Sl 4&.& f‘%\..nw!. r.??. .,2

st b, NS RS TSN DA L

o

S re s hde B et 3 i
. IR S ‘.’ <
Ve ALt . g

A U N

P SO

S ,T.e
l»\k-

ﬁ-

k13 (S
SRR IG

EhSer

SRR m:n

S

f«‘

rﬂ'?rﬁ%

¥
w:b.grx -1. . .;Atcsv.'..\

> o

o
T et

.t at

An... P

1 e aed o

PR TR ST S ¥ T

far

MA-13344

MATERIALS ANALYSIS (CONTD.)

091FT ANd StZ NID3™

A

‘ZAOYANT AWVd-X

- o o I . : _ bradd 2N -&A <!.l —f ' i + H N — =
e d A.wzzgzbru:-. o) BRI _‘%rzﬂ%mm¢x4maf+nxyw xi:xup.v& I '
D] ay L w ARy J..: o : WJ 3 §
! L : i . ] G B B ..nhr.u.p . I : .
ccu”x- .I.” i i . .ﬂl' S8E L EE RN O S : H T f ..Il.w’fl
. l~'l N NS .l e ... . E. .- _‘:Lzl lw ..,l“x?m : A IR R E g lr”.-.-—ﬁ LS . ”
' . : il . s i
R A L AR r ” \ _
Cye O S smmmm,- WT; uﬁaﬁ R j o aq/\" _
IS : : : ! . IN- ‘ “ !
W : ! . | ~ ) 7 . L . J_ ) : . T
H Tt i b e I g - - {7 T itV 1 - A g e - - heand .
i I R Ll | NN i
: T T T ] m
- m - . . - - b — _~ - g ——he iv’ .. T RN S : FEp. b : e
S SR A, : m ! : ! w L : . . . | o
NN NN A I
A SO S | I . S0 | PR I O O O IO I
i . | : | | I i ] , ' ” _ - . !
- - S — e s OO UL S FERUOVN U S SR | i
* L HEEEERHIIEA IR |~
I U S B R . i : o I
R S S IR o 0 N 0 o O O 0 A o
T T 1 AR ; i
. R R R I o R 11 S il vt S B I N O AR
B e ERAMET I IS S EMR R EH 1
' i g i ! . i i ' ; .
B N I A R R A I A I I I D i A I
s - - . . : i . :
- — T _ . ; T : ; ,
m ! : - [ A m =T e e e - m m Lk . m
! N ! _ | : ! H ! )
e i B B e “ e ; ; b — ————
o i | : . i ! ) ) i RS ! ! ¢ ,
: N R U X . : - IO N N t
. ” " i | | B i - ] i ) . ]
RS N U U N E _ L o N
f-ied e R ; e U T P NPV AN B ST
3 .;-J.: . . _ . - n = T § : . 1 m ]
T f : N | i, : A .
: . ; t . : i, . i . ! ta
N AR ﬁ) . o U i i T M Ml wm N T 171771 7 RN “ 1! A R MEL
.~ 1 . L] M . i : ‘ [ 3 N .. P "

SINNOO 0000T AVAd XVW ‘SINNOD AWd-X TVIOL

133

Page 10 of 25

-

-



. - e . - . “ - " -
L3 At ; w3 T . LR T . P T LYY e v - . . .,
A e te x~ i.._ft.vwwﬁf R TR . R 11.. N Tl g TR e
2 - LI s *
N - .
s e e - — T -

Fage 11 of 25

"OVW X00S (@) “OWW X00Z (D) “OVW X0S () “OVW XOT (V) TIO4 ANIguNnl NNY LS¥Id °g8 FWNSId -

T B B Gl e B
MA-13344

4

3l

MATERIALS ANALYSIS (CONTD.)

[ZT 0

Sty
[‘l
-~
taby
e et o

b, v
C v,
b suw Ny
- ' 0 )
g : h\ N w ] i ‘ ! H .
) b % ~ ok d

i Lt ,

| £3 o .

i .

o™y
-
" matm

134

T

-

P-4

‘- . : > 4
k Fodng I IR AT oy oL mw e ARy s T v
a0 = h L4 ny 2y S SIS A e )
4 e E hv.n w .@W# w{?; am b : .&.hé TR .«%«&ow& RC S -...me PR e ._.,a.w b




- MATERIALS ANALYSIS (CONTD.) MA-13344

. ;"r Ygaﬁ“lq .

"t

WEAR

TP = I R A

3
-
& v
5 #
o '&"’
#
) DEBRIS

S5

§ s
(d o ¥
5 P T

.

<4 L
L) Ny !
OVERLOAD |X] 44

A,
v

L. x_; LT,

ENRY RNy o
2

RN TEY

* g
POichLYY

-
T A
2 d g el

——

LA SR LTy

VR Al

Bg

3 L‘&Pi*-;ﬁt ‘?l‘:

2

-
¥ ;’j"ﬁ

-
N

FIGURE ©. SECOND RUN COMPRESSOR FOIL. (A) 10X MAG. (B) 150X MAG.
- (C) 20X MAG. (D) 200X MRG. (E) 200X MAG. SEE FIGURE 10

FOR EDX ANALYSIS OF INDICATED AREAS. 135

Page 12 of 25

MP-64013

”!m—-—,'—.-—-p-—-m - — oy g - v Y e et ————————



L=
=

£

-

=8

%

i deg T 30 gk

1

il T e s s b A

L

B A

) I I

.
-
%

1o

*

MATERIALS ANALYSIS (CONTD.) MA-13344

5
:
[

ENERGY DISPERSION X~RAY
(EDX) AMALYSIS CF AREAS
INDICATED IN FIGURE 9(E).

FICURE 10.

. § +._. -

'SINNOD

DQQO\

——

4
¥ N
v ]

. +
i
. .:. .

-

fvd:
-J

T
- i

£

-m D e a B .Wnn
]

i

1

; ‘ ) -
AR W =T N 3
, A A : h e it 1
vy . - b 5
~N - ; L9 4, M N R
150 : T o S I
ot s R LS A o a { %
H O N ) "4 1 w - "
e s - 1 S r1 i e e
AR d T 13 ol i T2 TN
RapaassT Ry T SRR R
¢¥ £ e Sl — L R E
R i -r' - S St B s ot w ! “..*uma. r v.-'..T. Vll
o E — —— W } —;I_WJL 1 —ﬁr R
mane © RES B I Gl RS == 4 1:1 . g da e
o | =F-ighd . =L g 1D =4 Y SEEE NN Ik
NS - s 0 3 .
O A ) R v i
sl el el
o mf O . g B
m. S -0 X - [ NS U N Jan
RPN W X Nk RENL =13-|-;
S BE A5N ) N A N B T EE
n T.’ N . " .” ; .‘ ‘!‘w H W
. . L] . Q. y " R v E 2
: “ m.-lﬁ il 4 sl it il e
v v 1- I 3 d T
ﬂ.m.ufw.b_r - ,.th. J.L -
» 1 =
'

- qm

e

)

.l«llvj

‘SLRNOD AVE-X INJOLN G - !

o
.

-~ page 13 of 25

136

2o A

—— A i

—_p—

-

Y g



-

v

e

"
5

B Mpen

MATERIALS ANALYSIS (CONTD.) MA-13344

E | 2 ? .
o
- G ot
W
== it
’ :~'4 ‘:1
- ;2 >
- ok
‘ - i
&‘-‘_;""'1,'&3 e - ;« ’ fur
- ""’,{._-_ o - ¥ t :’,,‘
a_ M . - 1«_-.-*‘!
_ J i i ;‘: } “":v/_‘.
z s— - 3
- . ‘:
ey : : ,'?
;wl w . - - ‘:
1 b e - g
] = : AR f
o
A FIGURE 1ll1. REPRESENTATIVE MICROSTRUCTURE S
OF ThE FOIL BEARINGS. 500X MAG. } h
ETCH: 10% OXALIC ACID. f] ot
e
s
‘s
LR B

137

——
.;:i‘.,

"t

Sy a g P

page 14 of 25

MP-64010

AN ﬂn""“;ff“‘QFJ‘ [ -1M"‘f«wMQﬂ‘;L;quu

Fea

b



HGRI-iA ':a"'
AIRESEARCH MANUFAETUHING COMPANY “‘I[R'Als ANA[‘SIS 13344 jw,.
MATERIALS ENGINEERING ?m

-

APPENDIX A Eiﬁ

MBTR ARGON RUN i

The foils from the MBTR (Mini-BRU Turbine Rig) Argon Test Run were examinec :*é
after a series of simulation runs in the MBTR under Argon atmosphere. o
The compressor journal foils, Figure Al, showed typical wear areas with ‘jf
debris filling the depressions. 1In addition, a black, shiny particle was .
noted in the surface. The wear on the turbine bearing, journal foil, y

Figure A2, was minimally visable in the SEM and was photographed using

the macro-camera. A built-up ridge of material was also noted. 1In addi-
tion, the debris on the surface of the thrust bearing, turbine side, foils 1
was analyzed. g

The compressor journal bearing debris was high in chrome with the typical
Ti, Fe, and Ni small peaks, indicating primarily teflon. The black spot ¥
analyzed as almost pure sulfur and appeared to be integral with the coat- 7y
ing.The built-up debris on the turbine journal foil analyzed typically of
teflon with a little less iron, Al and Si, than the teflon base material.

The pad surface on the thrust bearing showed a highly etched surface. o7
There was definitely more iron in the particle than has been noted in othe:
dz2bris. The judgement is that this debris may contain more metallic sub-
stance than any other debris.
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il

FIGURE Al.

(NOTE :

MF -64009

e

TYPICAL AREA FROM MBTR ARGON RUN.
(A) DEBRIS (ARROW C). 20X MAG. (B) BLACK SHINY

PARTICLE. 500X MAG. (C) WEAR AREA. 50X MAG.
(D) ENLARGEMENT OF C. 100X MAG.

RING IN FIGURE A WAS PUT ON FOIL TO LOCATE SPOT.)

_‘..‘%‘
: -'«§§§ , T

MA-13344

AREAS NOTED ARE:
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APPENDIX B :
APPENDIX B STR RUNS 1/21 & 1/23/78

On January 21 and 23, 1978, the STR (Simulator Test Rig) was run to check
the effect of unloading one phase of the alternator during power genera-
tion. when the rig was torn down, the journal bearings were in the condi-
tion noted in Figure Bl. The black, wiped area was typical of bearings run
in the rig tests and was thought to be incipient failure of the teflon
coating. The alternator shaft, shown in Figure B2, had a wiped area and
the material appeared as a build-up under oblique lighting. The thrust
bearing also had indications of wear at the top and bottom of the pads,

and evidence of debris between the pads, as shown in Figure B3,

The pattern on the turbine and compressor journal bearings is similar,
with the damage sustained by the turbine bearing being much less than the
compressor bearing, as shown by SEM photographs, Figure B4. (The particle
outlines are acr:ntuated by charging of the particles in the electron beam)
EDX analysis revealed that the area around the particles was similar to the
virgin teflon and contained mostly Cr with minor amounts of Fe, Ni, Ti, Al
and Si. The particle contained mainly Fe with almost as much Cr. 1In ad-
dition to Al, Ti, Si and Ni, the particles also had smaller amounts of

Ca, K, Na, S, C1 and Zn. The more highly charged particle in Figure B4-a,
had the same constituants as the flatter particles. This indicates that
contaminated (not deionized) water, a fingerprint or dirt are mixed into
these particles along with some ferrous material.

The thrust bearing shows signs of break-away of teflon on the trailing
edge, as shown in Figure B-5. Although the wear on the turbine side is
heéavier, the greatest break-away is on the compressor bearing side. A
large particle was noted in one pad surface with two streaks in the direc-
tion of rotation. The only identifiable flourescence from this particle
was of silicon. ~

The evidence indicates that there was much more contamination in these

bearings than any others which have been analyzed. Whether this contamina-

tion occured during fabrication or assembly is not clear. The nature of
the contaminant being only on the particles, however, indicates it may be
ingested dirt or dirt on the rotor. There is no evidence to indicate that
the damage in the bearing is other than that which would be caused by
rubbing of the alternator shaft on the bearing surface.
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OVERALL VIEWS OF (A) COMPRESSOR AND (B) TURBINE BEARINGS
AFTER STR RUNS OF 1/21/78 AND 1/23/78. 1X MAG.
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FIGURE B2. RUBBED AREA OF ALTERNATOR SHAFT g)r
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MATERIALS ENGINEERING

APPENDIX C

SUMMARY OF MAl3344 AND APPENDICES A & B

In reference to the teardown inspection E:FAD:0335:012578, the following
descriptions of debris in the bearing areas appear applicable.

Burnish Pattern -

Wwhitish Deposit ~.

Black Spots -

- Black Streaks -

Metallic
particles -

Scratches -

General Color -

Normal wear between rotating part and bearing.

Material looks like finely divided smeared
teflon. Analysis indicates a high iron content
meaning transfer from the alternater motor or
thrust hearing rotor to the teflon particles.

These appear to be of two classes, either an
uncontrolled particle, integral with the coating,
or a sulfur particle.

These are either gouged out areas filled with
teflon debris or highly smeared particles of
teflon. Some of these larger particles appear
shiny and metallic to the eye.

The smaller, rounded, particles contain iron as
the major ingredient They are,most probably,
shaft and thrust rotor material with varying
amounts of teflon associated with the metal.
The flatter areas are highest in iron, but with
almost as high a chrome peak and appear to be

highly smeared teflon with .rotor or shaft material
smeared in.

The scratches, primarily the second WHL failure,
have both sharp and broken edges. The primary
indications are that the shape depends on both

the particle geometry and the nature of mechanical
movement through the scratch.

The whitish areas are generally finely divided
debris. The black areas are mostly highly smeared
teflon particles and, in a few cases, debris packed
gouges. The continuous, black areas are teflon,
most probably exposed to higher temperature and,
apparently, coked.

The flourescent patterns from all the areas were compared to a standard
pattern for AISI 302 stainless steel. Although the conditions were not
calibrated, the following conclusions can be Arawn:

1. No area exactly matched the AISI 302 pattern.

2. Almost all particles in the teflon showed the iron contents to be
predominant. Varying amounts of chrome appeared with the patterns,

Page 24 of 28

147

Y
Tl @

o AN

wgen i

R R a

Yavi¥e

o

L e _
o

TN

RIS aaar i a ity S Y

” - s RN
SRR AR el

T

v TR g Tnc i e, e

e



i

R 2 23

.

;"@ﬁ W ;wr.s

- AIRESTARCH MANUFACTURING COMPANY n‘nluls “A“ﬂs 13344 4l

_

“°

APPENDIX C (CONTD.,

Al indicating varying mixes of iron base particles with tefloa. The
thrust bearing debris was significantly higher in Fe content than
the journal bearing debris.

3 All background and unworn areas in the teflon, show very high Cr
content with minimal Fe and Ni and some Ti.
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The primary method of breakdown, based on these results, indicates 2

- direct rub of the shaft and bearing as the most probably cause. The f
3

¥

journal bearings, having less iron content than the thrust bearings,
may just mean that the debris was generated over a longer period of
a time and/or was a more "gentle" rub condition.
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